E5880, a novel platelet activating factor receptor antagonist, was dispersed in water for the preparation of injectable formulation and the physicochemical properties of the micelles were characterized. The critical concentration for formation of micelles was 0.12 mM. Using the area per molecule results, the critical packing parameter was calculated and showed that the structure was composed of spherical micelles and the number of the molecules per micelle was 88. The diameter of a micelle was 8.1 nm. The fluidity and micropolarity around the hydrocarbon region of the micelles were evaluated and compared to the surfactants, stearyltrimethylammmonium chloride and cetyltrimethylammonium chloride.
Platelet activating factor (PAF) exhibits a variety of biological activities including activation of platelets 1) and neutrophils, 2) bronchoconstriction, 3) hypermeability in peripheral vein, 4) hypotension 5) and cardiac dysfunction. 6) Because these biological activities of PAF are extremely potent, it is generally accepted that PAF is a mediator of inflammation 7) and plays important roles in the pathology of thrombosis, asthma or hypotension in shock. [8] [9] [10] Consequently, it is expected that specific PAF receptor antagonists may be beneficial for the treatment of these diseases, and many efforts to develop potent and specific PAF antagonists have been made. E5880, a newly synthesized PAF antagonist ( Fig. 1) , is more potent in PAF receptor binding than in PAF. 11) This compound is amphiphilic and is believed to form the micelles in aqueous media. For the treatment of the above diseases, an injectable formulation would be extremely useful, and to develop such a formulation, an understanding of the characteristics of the physicochemical properties of E5880 and its micelles is important.
In this study, to learn the behavior of E5880 micelles in water, critical micelle concentration was determined by the measurement of surface tension. From this, surface density was calculated and a surface pressure-molecular area curve was obtained. The lateral interaction between the molecules was also evaluated, and the fluidity and micropolarity around the hydrocarbon region of the micelles were determined using fluorescence techniques. These features were compared with the surfactants, stearyltrimethylammonium chloride (STAC), which has the same length of hydrocarbon chains (C 18 ) as E5880 and cetyltrimethylammonium chloride (CTAC), which has fewer carbon number (C 16 ) than either E5880 or STAC.
Experimental
Materials E5880 was obtained from Eisai Chemical Co., Ltd. (Ibaraki, Japan). Stearyltrimethylammonium chloride (STAC) was purchased from Tokyo-kasei Co., Ltd. (Tokyo, Japan). 1,6-Diphenyl-1,3,5-hexatriene (DPH) and cetyltrimethylammonium chloride (CTAC) were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). Nile red (NR) was purchased from Lambda Co., Ltd. (Graz, Austria).
Surface Tension Measurement To determine the critical concentration for formation of micelles and interaction between the molecules, the surface tension of aqueous E5880, STAC, and CTAC solutions was measured as a function of concentration of these lipids.
12) The measurement was performed by Whilhelmy's plate method using a surface tensiometer (Model CBVP-A3, Kyowa Kaimenkagaku Co., Ltd., Tokyo) at 25°C.
Determination of Size of the Micelles
The size distribution of E5880, STAC, and CTAC micelles (concentration: 10 mM) was determined by the dynamic light scattering (DLS) technique using a laser particle analyzer equipped with an Ar laser (Model DLS-7000DL, Otsuka Electrons Co., Ltd., Osaka) at 25°C. The data were analyzed by histrigen method 13) and weightaveraged size of the micelles was evaluated.
Fluidity of Hydrocarbon Region in the Micelles
The fluidity of hydrocarbon region in E5880, STAC and CTAC micelles was determined at 25°C using a fluororescence polarization technique (probe; DPH) as reported by Iwamoto et al. (1982) . 14) DPH was added at 0.1 mol% of total lipids. The excitation and emission wavelengths used were 360 nm and 428 nm, respectively.
Fluorescence polarization P is calculated by
where I is the fluorescence intensity, and the subscripts refer to the plane of polarization of the excitation and emission beams (Vϭvertical, Hϭhorizon-tal). G (ϭI HV /I HH ) is the grating correction factor.
Determination of the Micropolarity around NR in the Micelles
The micropolarity of hydrocarbon regions in E5880, STAC and CTAC micelles was determined using a fluorescence technique (probe: NR). NR exhibits a strong environment-dependent blue shift, a high quantum yield and low fluorescence in water. 16, 17) The fluorescence spectra were measured using a fluorescence spectrophotometer (model F-4500, Hitachi Co., Ltd., Tokyo) excited at 549 nm at 25°C. The micropolarity of NR incorporated into the micelles was evaluated using the wavelength of maximum intensity of emission. Twenty-eight hundredths mg of NR was dissolved in 8.8 ml of acetone (0.1 mM). Five microliters of each solution was then diluted with 5 ml of 10 mM of aqueous E5880, STAC and CTAC solutions, methanol, ethanol, propanol, isopropanol, butanol, isopentyl alcohol, acetone, tetrahydrofuran and acetonitrile, respectively. The wavelengths at the maximum fluorescence intensity of each solution were plotted against the polarity of each solvent. 18) The micropolarity around the probe was determined using this standard curve.
Results and Discussion
Surface Tension Figure 2 shows the surface tension g vs. concentration c curves of the three lipids, aqueous E5880, STAC and CTAC solution. The g value decreased with increasing molarity c, and it passed through a break point at the molarity corresponding to critical micelle concentration (cmc). The cmc values of E5880, STAC and CTAC were 0.12, 0.33 and 1.6 mM, respectively. The cmc values of STAC and CTAC were similar to those reported. 19, 20) Surface Density and Surface Pressure vs. Molecular Area Curve Surface density G is calculated from the slope of the g-c curve using the following equation; 12) GϭϪ(c/iRT
Here, T is temperature and R is the gas constant, and i means the number of ions from electrolytes. The surface density vs. concentration curves are shown in Fig. 3 . The G value increases with increasing concentration of c and approaches the saturated surface densities G s at cmc.
The surface pressure is expressed by
and surface area per lipid molecules A is calculated by
where N A is Avogadro's number. Figure 4 shows the surface pressure vs. molecular area (p-A) curves. The limiting areas for E5880, STAC and CTAC were 0.840, 0.633 and 0.627 nm 2 , respectively. The molecular structure of the head group of E5880 is larger than those of STAC and CTAC, therefore the limiting area of E5880 is largest among the three lipids.
Lateral Interaction between the Lipid Molecules A theory for equilibrium between the monolayer and the solution has been developed by Lucassen-Reynders 21) using the chemical potential. 22) The adsorption isotherms of the lipids were evaluated by the equation:
The fraction of the interface, q, is equal to G/G s . K and w are parameters showing the magnitude of adsorption and the lateral interaction in the monolayer, respectively. The attractive and repulsive interactions are represented by negative and positive values of the w parameter, respectively. When the w values exceeds 2, a phase separation occurs in the monolayer. Figure 5 illustrates the relationship between q and Table 1 . The adsorption magnitude of E5880 was the smallest among the lipids. These results indicate that there is attractive interaction between the molecules. Critical Packing Parameters for the Micelles The critical packing parameters 23) for E5880, STAC and CTAC were calculated based on the area per molecule results (Fig. 4) , the volume of the hydrophobic part and the length of the alkyl chain. For the formation of the closed lamellar bilayer structures the effective cross-section of the hydrocarbon moiety must be lower than that of the hydrophilic head-group region. This assumption can be confirmed by an estimation of the critical packing parameter according to the formula; xϭv/a · l (6) where v is the volume of the hydrophobic part, a the area of the hydrophilic head group and l the length of the alkyl chain. When v/a · lϽ1/3 spherical micelles form, 1/3Ͻv/a · lϽ 1/2 tubular micelles form, 1/2Ͻv/a · lϽ1 vesicles form and 1Ͻv/a · l hexagonal H II structures form. The volume of the hydrocarbon domain (v) and the length of hydrocarbon (l) were calculated using the following equations;
vϭ(27.4ϩ26.9n)ϫ10 Ϫ3 (nm 3 ) (7) lϭ0.15ϩ0.1265n (nm) (8) where n represents the number of carbons for hydrocarbon chains. The x values for E5880, STAC and CTAC were 0.25, 0.33 and 0.33, respectively. Therefore, it is believed that these three lipids form spherical inverted micelles. The radius (R) and the number of molecules in the micelles (N) were calculated by the following equations: 24) Rϭ3v/a (nm) (9) and
For E5880, Rϭ1.82 nm and Nϭ88. For STAC, Rϭ4.65 nm and Nϭ117. For CTAC, Rϭ3.00 nm and Nϭ95. The N value for CTAC was reported to be 102 25) and our results were similar to the reported value.
Determination of the Size of the Micelles Figure 6 represents the DLS histograms of the micelles. The weight-averaged diameters for E5880, STAC and CTAC were 8.1, 6.3 and 5.1 nm, respectively. These values were good agreement with the ones calculated using the critical packing parameters.
Fluidity of the Hydrocarbon Regions of the Micelles
The fluidity of the micelles was determined by the fluorescence polarization method using DPH as a hydrophobic probe. The polarization of E5880, STAC and CTAC micelles at 25°C was 0.316, 0.105 and 0.098, respectively, indicating that the hydrocarbon region in E5880 micelles is the most rigid and those of STAC and CTAC micelles are similar. The molecular area of the head group of E5880 was largest among the three lipids. The difference in the order parameter is caused by difference in the structure of the head group of the lipids.
Micropolarity around NR in the Micelles
The micropolarity around NR in the micelles was determined, as were the emission maxima of NR embedded in the micelles. It has been reported that the fluorescence characteristics of NR depend on the micropolarity around the probe and which is located in a hydrophobic region in the micelles. 16, 17) Therefore, the emission maxima of NR in the micelles is believed to provide information on the micropolarity around the hydrocarbon chains. Figure 7 shows the relationship between solvent polarity and emission maximum of NR at 25°C. The emission maxima of E5880, STAC and CTAC micelles were 621, 636 and 636 nm, respectively, indicating that the micropolarity around the probe in the micelles is similar to that of isobutanol, methanol and methanol, respectively. This indicates that the hydrocarbon regions around NR in STAC and CTAC micelles are more hydrated than that of E5880 micelles.
Conclusions
The physicochemical characteristics of E5880 micelles in water were determined and are summarized in Table 2 . The cmc of E5880 at 25°C was 0.12 mM. Using the area/molecule results, the structure of the micelles was spherical and the number of molecules per micelle was calculated to be 88. There is an attractive interaction between E5880 molecules. The hydrocarbon region in the micelle was more rigid and less hydrated than those of STAC and CTAC. Vol. 48, No. 7 
